Abstract: To studyp nictogen bondingi nvolving bismuth, flexible accordion-like molecular complexes of the composition [P(C 6 H 4 -o-CH 2 SCH 3 ) 3 BiX 3 ], (X = Cl,B r, I) have been synthesised and characterised. The strength of the weak and mainly electrostatic interaction between the Bi and P centres strongly depends on the character of the halogen substituent on bismuth, which is confirmed by single-crystal X-ray diffraction analyses, DFTa nd ab initio computations. Significantly, 209 Bi- 31 Pt hrough-space coupling (J = 2560 Hz) is observed in solid-state 31 PNMR spectra,w hich is so far unprecedented in thel iterature, delivering direct information on the magnitude of this pnictogen interaction.
Weak interactions are elementary bonding forces, whichh ave an impact on the structure of molecular assemblies. The properties of materials strongly dependo nt he strength and orientation of noncovalent interactions;t hus, af undamental understanding of their nature is essential for the design of new molecular assemblies with bespoke physical and chemical properties. [1] Besides the well-knownh ydrogen bonding, more recently the concepts of other "element-specific" interactions such as triel, [2] tetrel, [3] pnictogen, [4] chalcogen, [5] halogen [6] and aerogen [7] bondingf or group 13-18 elements, respectively,h ave been established. Although interactions between pnictogen centres had been observedm uch earlier,s ome pioneering works at the beginning of this decade, [4, 8] initiated av ivid scientific discussion on the theoretical aspects of pnictogen bonding. Analogously to the definition of ah alogen bond, [9] a pnictogen bond is defined as aw eak, attractive interaction between the electrophilic region of ap nictogena tom (termeda s pnictogen bond donor) and aLewis base (termed as pnictogen bond acceptor,w hich is not necessarily another pnictogen centre). [10] Because the strength of pnictogen interactions can be comparable to that of hydrogen bonds, [11] pnictogenb onding can be envisioned to be ap otential linking motif in molecular assemblies.
[8] Very recently the idea of employing pnictogen bonds in organocatalysis arose [12] andw as successfully realised experimentally. [13] Ap lethora of computational studies have revealed two main interactions, that contributet op nictogen bonds (besides minor effects such as dispersion forces): 1) The electrostatic interaction, whereby the lone pair of aL ewis base (the pnictogen bond acceptor) interacts with the positively charged belt aroundt he lone pairo fapnictogen, is considered to make the leadingc ontribution. Due to this anisotropic electron density distribution around the pnictogen centre the pnictogenb ond belongs to the so-called s-hole interactions. [14] 2) To al esser extent, charget ransfer also contributes to the pnictogen bonding:t he lone pair of aL ewis base donates electron density into the s*(PnÀX) antibonding orbitals at the pnictogen Pn. [4, 8a, 15] In contrast to the large number of theoretical studies that have been disclosed, experimental investigations on pnictogen bondinga re mainly limited to single-crystal X-ray studies. [16, 17] Notably,o nly af ew spectroscopic investigations have been reported [8b, 13a, 18] even thoughm ethods such as NMR spectroscopy are ideally suited for gaining fundamentalu nderstanding of pnictogen bonding. However,m inor changes in chemical shifts may only be expected due to the weak nature of these interactions. In contrast, coupling patterns and spin-spin coupling constantsd erived therefrom can be very meaningful;h owever, their observation is usually limited to systems with spin I = 1 = 2 nucleiw hereas coupling to quadrupolar nuclei (I > 1 = 2 )i ss een comparatively rarely duetof ast relaxation.
Here, we presento ur experimental and theoretical studies on pnictogen interaction in as eries of accordion-like, bridged compounds 2a-c shown in Scheme1,w hich were designed based on the following considerations:P hosphorus and bismuth were chosen as bridge-head atoms and in our hypothesis the linkersare flexible enough to allow electronic communication between the pnictogens. On one hand, phosphorus has outstanding NMR properties among the pnictogens and may act as ap nictogen bond acceptor (electron pair donor). On the other hand, the strongest pnictogen interaction is expected for bismuth (due to its largestp olarisability), and its electronic properties may be tuned by the halogen substituents.
To obtain the target molecules, we first developed af acile and reproducible two-step syntheticp rotocol for the preparation of the tris-g-substituted thioether phosphine 1 (P(C 6 H 4 -o-CH 2 SCH 3 ) 3 ,S cheme 1) as the central building block. [19] This involves metallation of the commercially availablet ris(o-tolyl)-phosphine with Schlosser's base [20] and subsequent reaction with dimethyl disulfide. Compound 1 ( 31 P d = À36.8 ppm) can be isolated as ac olourlesss olid in moderate yield (36 %).
We attempted to synthesise the 1:1c omplexes of 1 with all the four bismuth trihalides (BiX 3 ,X= F, Cl,B r, I). The reaction of compound 1 with bismuth trichlorideo rt ribromide in toluene delivers adducts 2a or 2b,r espectively,a sb right yellow precipitates( soluble in acetonitrile, slightly soluble in chloroform and benzene and insoluble in hexane) (Scheme 1). Due to the low solubility of bismuth triiodide, the analogousd ark-red iodo complex 2c was synthesised using THF as solvent. Allt he three complexes 2a-c were isolated in good yields and characterised by multinuclear NMR-spectroscopy, elementala nalysis and single-crystal X-ray diffraction studies (vide infra). In contrast, we could not synthesise the analogous adduct with bismuth trifluoride despite varying reaction conditions (THF or acetonitrile as solvent, prolonged reactiont imes, elevated temperatures), presumably duet ot he low solubility of bismuth trifluoride. [21] The connectivity of molecules 2 was provenb yX -ray crystallographyo ns ingle crystals obtained from saturated solutions of the compounds in acetonitrile (Figure 1) .
The three molecular complexes 2a-c are isostructural and exhibit bridged [4.4.4] structures, which locate the Pa nd Bi atoms in the bridgehead positions. Based on the symmetry of the free ligand 1 (C 3 )a nd the bismuth trihalides (C 3v )o ne might also expect a C 3 axis for complexes 2a-c.H owever, some asymmetry is visible in the BiÀXa nd the BiÀSb ond lengths in 2a-c.F or example in the case of 2a the lengthso f two BiÀCl bonds are rather similar( 2.574(1) and 2.572(2) ) but different from that of the third one (2.547(1) ). As imilar phenomenon is observable in the case of the BiÀSb onds (e.g., 3 .076(1) and 3.075(2) vs. 3.106(1) for 2a). The effect of asymmetry is even more pronouncedi nt he S-Bi-S bond angles, especially in 2a:o ne of the S-Bi-S bond angles (133.18) is significantly largert han the other two (82.48,1 04.08), which lie relativelyc lose to the ideal 908 of an octahedral arrangement (see Figure S18 , Supporting Information). Thus,t he bismuth centres are in an asymmetric, distorted octahedral coordination sphere (particularly in 2a)a nd the distortion from an ideal C 3 symmetry can be rationalised by the presence of as tereochemically active lone pair at the bismuth centre (vide infra). In contrast, the phosphorus centresr eside in an early symmetric pyramidal geometry (e.g.,C -P-C angles in 2a: 105.08,101.88,105.68).
The BiÀXb onds in 2a-c are significantly longert han those in the corresponding uncomplexed bismuth trihalides BiX 3 (e.g.,f or 2a d(BiÀCl average ) = 2.56(1) vs. 2.42(1) measured for the BiCl 3 monomer in the gas phase), [22] while the BiÀSd istances in 2a-2c are comparable to those in the coordination complex [Bi 2 I 8 (SMe 2 ) 2 ] 2À (3.054(8) ). [23] Significantly,c omparing the complexeso ft he different bismuth halides, the distance between the bridgehead atoms P and Bi increases from 3.365(1) in 2a to 3.759(7) in 2b and 3.792(9) in 2c.N ote that the PÀBi distance of 2b resembles 2c more than that of 2a,s omething likely to result from 2b and 2c crystallising in the same space group C2/c,w hichi sd ifferent from that of 2a (P2 1 /c). The increasing order of the PÀBi distances is also observed on structures optimised in the gas phase (vide infra);t hus, we concludet hat these structural changes are not simply due to crystal packing effects. This clearlyi ndicates the proposed flexibility of the linkers( accordion-like behaviour), which allows ar ather large change in the position of the bridgehead atoms. The PÀBi atomicd istances in 2a-c (especially in 2a)a re smaller than the sum of van der Waals radii of these elements (3.87 ) [24] denoting as econdary interaction. Importantly,a st he PÀBi distance gradually decreases across the series 2c> 2b> 2a,the attractive pnictogen interaction influenced by the nature of the halogen increases in the same direction.
Further insights into pnictogen interactions can be gained from solution and solid-state 31 PNMR spectroscopy.T he solution 31 PNMR spectra of complexes 2a-c in C 6 D 6 exhibit broad singlet resonances at À37.0, À38.7 and À39.2 ppm for 2a, 2b and 2c,r espectively,w hich show no temperature dependency. The significant line broadening observed for complexes 2 (W 1/2 > 30 Hz in contrast to the sharp singlet resonance of 1, W 1/2 % 3Hz) again hints at aw eaki nteraction between the 31 Pa nd the quadrupolar 209 Bi nuclei. The chemicals hifts of 2a-c lie at lower frequency comparedt ot hat of the free ligand 1 (indicating that the Pi sapnictogen bond acceptor), which is consistent with ar ecent NMR study on P···I interactions, involving triphenylp hosphane acting as ah alogen bond acceptor. [25] The deshielding effect of the increasing pnictogeni nteraction going from 2c towards 2a is indicated by as light shift of the resonances to higher frequencies.
While the 31 Ps olution NMR spectra deliver only limited information on the bondings ituation, more insight can be gained by 31 PNMR spectroscopic experiments on solid-state samples (note that conclusive 209 Bi MAS solid-state NMR spectra could not be obtainedd ue to extreme line broadening, probably due to the low symmetry of the compounds). [26] Complexes 2a-c werea nalysed at three different temperatures (256, 298 and 323 K) by CP-MAS solid-state 31 PNMR spectroscopy.A t room temperature, the three spectra (Figure 2 
To shed light on the origin of the unusual appearance and large line width of the band corresponding to 2a,w ep erformed variable temperature solid-state NMR spectroscopic studies (Figure 3 ). Whereas the increase in temperature (323 K) only causes ac ollapse of the original signal to av ery broad singlet (W % 200 ppm), at lower temperature (256 K) aw ell-resolved signal with ten approximately equidistantl ines is visible in the spectrum.T his dectet is consistent with the coupling of the 31 Pn ucleusw ith the 209 Bi nucleus( I = 9/2, 100 %n atural abundance)a nd ac oupling constant of J = 2560 Hz can be measured. [27] Note that the same value is obtained at different magnetic field strengthsa sw ell as differing spinning rates. Remarkably,t his is the first experimental evidencef or a 209 Bi-31 P spin-spin coupling. According to the literature, coupling to 209 Bi nuclei is observed extremely rarely.T ot he best of our knowledge the only reported spin-spin couplingc onstantsb e- Te J coupling, respectively). [28] In contrast to these clearly through-bond couplings, the coupling pattern shown in Figure 3i st he result of an on-covalent through-space pnictogen interaction. Even though through-space coupling is not rare, [29] this is the first example with a 209 Bi nucleus. For complexes 2b and 2c it was not possible to find appropriate experimental conditions (by systematically changing parameters such as temperature, magnetic field strengtha nd spinning rate of the samples) to detect resolved multiplet signals and thus coupling constantsc ould not be obtained. However,t he width of the band shapes ignificantly increases in the direction of 2c!2b!2a (2.9, 3.8 and 9.6 kHz, respectively). We anticipate that similar through-space coupling also exists in the case of 2b and 2c and the bandwidth can be used as an indicator for this interaction. Hence, the increase in the band width in the order 2c< 2b< 2a reflects that the interaction betweent he two pnictogens strengthens in the same order. [30] To gain insighti nto the nature of the interaction between the bridgehead atoms verified by X-ray crystallography and solid-state NMR spectroscopy,D FT anda bi nitio calculations have been performed. As the weak interactions play an important role, we have chosen methods that take dispersion effects into account,s uch as wB97XD,B 3LYPD3 ands econd-order Møller-Plessett perturbational method (MP2) in combination with the cc-pVDZ basis set, including pseudop otential( -PP) for the heavier atoms (for details see the Supporting Information).
In agreement with the crystallographic results (vide supra), the gas-phase optimised structures of 2a-c show ad istortion away from an ideal C 3 symmetry due to the presence of as tereochemically active lone pair at the Bi centres (see HOMO of 2a in Figure 4 ). 31 PCP-MASNMR spectra of solid samples of 2a (red), 2b (blue) and 2c (black) measured at 298 Kw ith as pin rate of 10 kHz (2a)a nd 6kHz (2b, 2c). Compound 2c contains animpurity at 65 ppm. 31 PCP-MASNMR spectra of asolid sampleo f2a measuredat 256 K( red), 298 K( blue) and 323 K( black) with spin rates of 6kHz (256 K and 323 K) and 10 kHz (298 K), respectively.A cquired with ar ecycled elayo f 60 sand 4msc ontact time.
The calculated geometricalp arameters are very similar in the case of the DFT methods;h owever,c ompared to these the MP2 calculations predict somewhat shorter distances for the weak interactions, but still show the same tendencies. In the following, we discusst he results at the wB97XD/cc-pVDZ(-PP) level, whicha re broadly similar to the ones obtained experimentally in the solid state. The largest discrepanciesa re seen for the BiÀPd istances:A sd iscussed above, in the solid state d(BiÀP) of 2b (3.759 (7) )i sc loser to that of 2c (3.792 (9) ) than that of 2a (3.365 (1) ), whereas the gas-phase calculations show am ore balancedd istribution of these atomic distances (3.576 (2a), 3.631 (2b), 3.732 (2c)). We attribute these deviations to the different phases in the calculations and the experiments:w hereas in the gas phase as ingle molecule is calculated, in the solid state the crystal packing also influences these weak interactions.
We estimated the total interaction energies of the BiÀPa nd BiÀSp airs from complex formation energies of 2a-c and model complexes (Table 1 , for more detailss ee the Supporting Information). The energy of the BiÀPi nteraction increases in the order of 2c (7.1 kcal mol
), and these values are somewhat largert han that of an average BiÀSi nteraction (6.3-6.5 kcal mol
À1
). As usually two interactions (electrostatic and charget ransfer (donoracceptor)) contributet ot he pnictogen bonding, we performed furtheri nvestigationst oc larify which of the two plays am ore important role here. Because it is more difficult to obtain quantitative information on the electrostatic contributions, in the followingw ef irst search for evidences of charge transferi nteractions based on natural bonding orbital(NBO) analysis.
To measure the covalent character of ab ond, Wiberg bond indices (WBIs) have been obtained, which correlate with the optimised atomicd istances (Table 1a nd SI). The WBIs (and bond lengths) of the BiÀSb onds in 2a-c show no significant differences or trends;h owever,t he BiÀPW BIs clearly indicate the increasing interaction in the direction of 2c!2b!2a. Note that even the largest WBI of aB i ÀPi nteraction (0.09 for 2a)i ss ubstantially smaller than that of aB i ÀSb ond (0.14-0.16), indicating that the BiÀPi nteractions in 2a-c have a much smaller covalent character than the BiÀSb onds. Because the BiÀXb onds significantly elongate (and weaken according to the WBIs) upon complexation in all the three complexes 2a-c,d onor-acceptor interactions from the lone pairs of the S and/or Pa toms into the antibonding s*(BiÀX) orbitals have to be taken into account. [31] To find the origin of the bond elongation,n atural population analyses (NPA) have been carried out. The net charged onation from the ligand to the BiX 3 moiety( Dq)i sv ery similar in the three complexes 2a-c and amountst oa pproximately 0.32 e. In 2a-c the sulfur centres are by 0.04-0.05 em ore positively charged compared to those in the free ligand (see Ta ble S9 in the Supporting Information), indicating significant charge transfer from the sulfur lone pairs. [32] In contrast, the partial charge on the Pa toms is very similari nt he free ligand and in the complexes 2a-c,w hich meanst hat the charget ransfer from the Pl one pair is negligible. [33] As the WBIs and NPAa nalyses demonstrate that the donoracceptorc ontribution in the BiÀPi nteraction is not too significant in complexes 2a-c (especially much less compared to the BiÀSi nteractions), it is proposed that this interaction is mainly electrostatic in nature. This is supported by the partial charges at the Bi in complexes 2a-c,w hich substantially increase in the direction 2c (0.847 e) < 2b (1.146 e) < 2a (1.360 e), whereas the charge at the Pr emains unchanged (see Ta ble 1). Thus, the Coulombic attraction between the Bi centres and the P lone pairs grows in the order 2c< 2b< 2a,w hich is consistent with the increasing ionic charactero ft he BiÀXb onds due to the increasing electronegativity of the halogen.
The presence of an attractive interaction between the Bi and Pc entres was provenb ya toms in molecules (AIM) analysis [34] of the calculated electron density:abond criticalp oint be- Table 1 . Experimental and calculated BiÀPa tomic distances (d, ), interaction energy of the BiÀPi nteraction (DE int ,kcal mol À1 ), Wibergb ond indices (WBI, À), NPAc harges (q,e lectron) and net charge donation from the ligand to the BiX 3 moiety (Dq calculateda st he sum of partialN PA charges in the ligand fragment) at the wB97XD/cc-pVDZ(-PP) level of theory. The partial NPAc harge at the Pc entrei nt he free ligand 1 is 0.833e. Properties at the bond critical point: electrond ensity (1 bcp ,a .u.), Laplacian of the electrond ensity (! 2 1 bcp ,a .u.), h = j l 1 j /l 3 where l 1 and l 3 are the smallest and largest eigenvalues of the electron density Hessianm atrix, respectively, total energy density (H,a .u.), ratio of potentiala nd kinetic energy density (j V j /G, À). tween the Bi and Pn uclei with am oderate electron density was detected in each of the three compounds 2a-c and no cage critical point was found ( Figure 5 ). The electron density values at these bond critical points show ar eversed trend to the atomic distances d(BiÀP) ( Table 1) .
Furthera nalysis of the electron density can deliver information about the shared shell (covalent) or closed shell (van der Waals or ionic) nature of the interaction. The Laplacian of the electron density is negative for covalentb onds and positivef or noncovalent interactions, therefore the positive values for the BiÀPi nteractions in 2a-c suggest dominant closed-shell interactions.S imilarly,t he h parameter (h = j l 1 j /l 3 ,w here l 1 and l 3 are the smallest and largesteigenvalues of the electron density Hessian matrix) is clearlys maller than unity (around0 .2), showing another indication of noncovalent interactions. The sign of the total electronic energy density H,t he sum of the kinetic and the potential energy density (G and V,r espectively), can distinguish between shared shell and closed shell interactions. In noncovalent bonds, the kinetic energy overcompensates the potentiale nergy resulting in an H value larger than zero and consequently the j V j /G ratio is smaller than unity.T hese characteristics at the bond critical points between the Bi and P atoms in 2a-c (H > 0, j V j /G = 0.86 to 0.90) again indicate the chiefly noncovalent nature of these interactions. These findings were furtherc orroborated by NCI (noncovalent interaction) analyses, [35] which shows an attractive weakly bondingd omain between the Pa nd Bi atoms (see Figure S22 in the Supporting Information).
To gain insight into the nature of the coupling between P and Bi, we simulated the coupling constants J( 209 Bi-31 P) for 2a-c in the gas phase at the PBE1/TZ2P level with scalar ZORA approximation. The Fermi contact (FC), the diamagnetics pinorbit (DSO) and the paramagnetic spin-orbit (PSO) terms were separately calculated;f urthermore,t he sums of spin-dipolar contributions (SD) andc ross terms were also obtained (see Ta ble 2) .
Although the calculated J( 209 Bi-31 P) coupling constant (1303.8 Hz) deviates substantially from the experimentally obtained one (J = 2560Hz), the tendency observed for the decreasingbandwidths going in the direction 2a to 2c are reproduced by the computations. Note that the precise estimation of indirects pin-spin coupling constantsi se specially challenging for weak interactions and heavy elements;f urthermore, the calculations were performed in the gas phase, whereas the experimental coupling constant value of 2a was measured by solid-state NMR spectroscopy.B ased on the differentt erms, the Fermi contact is by far the largest contribution to the total couplinga nd the DSO, PSO and SD terms are practically negligible.
Thorough theoretical studies on through-space 19 F-
19
Fc oupling mechanisms have outlined that the through-space couplings are transferred by al arge Fermi contact term with a positive sign, whereas for the through-bond couplings significant PSOa nd SD contributions are characteristic.
[ 31 Pt hrough-space couplings. [37] The s-character of the Pa nd Bi lone pairs in compounds 2a-c is very similar (approximately P: 55 %, Bi:9 7%), however, the overlap of the two lone pairs depends on the distance between the two atoms, which is clearly determined by the strength of the pnictogen interaction. [38] In conclusion, we have developed accordion-like compounds with flexible skeletons to study bismuth as ap nictogen bond donor. Employing X-ray crystallography and theoretical calculations, we have verified the existence of as econdary interaction between thet wo pnictogens Pa nd Bi. Quantum chemical calculations (NBO, AIM and NCIa nalyses) show that this interaction is mainly electrostatic in nature and that its strength can be tuned through variation of the halogen substituents on the bismuth. Remarkably,u sing solid-state 31 PNMR spectroscopy, we have discovered indirect spin-spin couplingb etween the P and Bi centres, which is ad irect manifestation of pnictogen interaction. The coupling mechanism was studied by DFTcalculations, which indicatet hat this coupling is through-space in nature.T his is, to the best of our knowledge,t he first observation of ac oupling between the two nuclei 209 Bi and 31 P, and also the first through-space coupling involving bismuth. Furthermore, the solid-state NMR spectra deliver valuable information on the strength of the pnictogen interaction.
